In a railway vehicle, vibrations are generated due to the interaction between wheel and track. To evaluate the effect of vibrations on the ride quality and comfort of a passenger vehicle, the Sperling's ride index method is frequently adopted. This paper focuses on the feasibility of improving the ride quality and comfort of railway vehicles using semiactive secondary suspension based on magnetorheological fluid dampers. Equations of vertical, pitch and roll motions of car body and bogies are developed for an existing rail vehicle. Moreover, nonlinear stiffness and damping functions of passive suspension system are extracted from experimental data. In view of improvement in the ride quality and comfort of the rail vehicle, a magnetorheological damper is integrated in the secondary vertical suspension system. Parameters of the magnetorheological damper depend on current, amplitude and frequency of excitations. Three semi-active suspension strategies with magnetorheological damper are analysed at different running speeds and for periodic track irregularity. The performance indices calculated at different semi-active strategies are juxtaposed with the nonlinear passive suspension system. Simulation results establish that magnetorheological damper strategies in the secondary suspension system of railway vehicles reduce the vertical vibrations to a great extent compared to the existing passive system. Moreover, they lead to improved ride quality and passenger comfort.
Introduction
At increased speed, significant vibrations are caused in a car body of high speed trains which lead to issues relating to ride comfort, ride quality, stability and track maintenance. [1] [2] [3] Usually, vibration in railway vehicles is caused due to unevenness and irregularities in railway tracks. 4, 5 These vibrations are transferred from track to bogie through the primary suspension system and further from bogie to car body through the secondary suspension system. The vibration response of vehicles is studied in frequency domain considering a linear system. If track irregularities are expressed in terms of power spectral density (PSD) and transfer function matrix of N degree of freedom (DoF) model of the linear system of vehicles, the PSD and root mean square (rms) of the response can be calculated with the help of random vibration method. 6 In the frequency domain approach, it is presumed that the railway vehicle is a linear system but in actual conditions there are number of nonlinear components in the vehicle like dampers, springs, bushings, bearings, etc. In order to analyse the effect of vibrations more correctly and accurately, the nonlinear elements are included in the model. Moreover, state equations are used to depict the dynamical systems. 6 The state equations can be solved to find out analytical response of the system; generally, numerical methods are used. This method is quite reliable even if the number of DoF and sample size is large enough. Many researchers [7] [8] [9] focused their research on active suspension systems for rail-vehicles and proposed the same to other practical applications. Active suspension systems consist of pneumatic actuators and oil cylinders. These systems contribute to high control performance over an entire frequency spectrum; however, they need sophisticated control mechanisms and large power. 10 Of late, smart fluids-based semi-active suspension systems using controllable devices came into focus and became the centre of attraction for research. The smart fluids, when subjected to an electric or a magnetic field, can interchange their state into a semisolid from a free-flowing fluid, within a fraction of seconds. The yield strength of these smart fluids can be reasonably controlled. Two viable fluids for controllable dampers development are electro-rheological (ER) and magneto-rheological (MR). Using ER fluids, Wereley and Pang 11 developed a mathematical model of controllable vibration damper. This model was developed for use in suspension systems of ground vehicles. Moreover, MR dampers are semi-active devices that can achieve high-level controllable forces and better performance than passive systems, However, the highly nonlinear behavior of a MR damper related with its semi-active nature increases the level of complexity in numerical modeling, especially when parametric models are used. Daliri et al. 12, 13 show the details of MR fluid in squeeze and shear mode which is directly applicable to suspension systems as well as in the yaw and roll modes of damper components. Choi et al.
14 showed significant reduction in acceleration using MR dampers with H-infinity controller in automobile suspension system. Lam and Liao 15 showed an improvement in ride comfort using controlled MR damper for a car model.
Indian Railways is the prime mover of the Indian Economy. 16 Railways in India, as mode of transportation, are one of the most reliable and feasible sources on land and one of the largest railway systems in the world. Currently, Indian trains run in the speed range of 80-160 km/h. 17 However, India is focusing on improving the vehicle operation speed, but increasing speed causes the significant vibration issues in car body. Hence, to reduce these vibrations, designs of various suspension systems are used in rail-vehicles. These are passive, semi-active and active systems. Springs and oil dampers or pneumatic dampers are the passive rail-vehicle suspension systems vastly used in Indian trains. 5 This system is superior in terms of design simplicity and cost effectiveness. However, to achieve higher running speeds, a more sophisticated suspension strategy such as semi-active systems should be used in Indian trains. At higher running speeds, the vibration of vehicles increases and therefore ride performance deteriorates. 18 Thus, it is important to evaluate the ride index to determine the improvement in ride quality and ride comfort using semi-active suspension systems. Therefore, in the present article, a passenger coach is investigated using MR dampers in the secondary vertical suspension system to evaluate ride quality and passenger comfort. The modelling approach is exhibited in an application for regulating the vertical dynamics of the contemporary rail vehicle.
Mathematical modelling of rail vehicle Dynamic model of rail vehicle
A full-size rail vehicle of India's fastest running train is considered for modelling and analysis, i.e. Linke Hofmann Busch (LHB) AC chair car coach with Fabbrica Italiana Automobili Torino (FIAT) bogies. 17 The modelled assembly consists of a car body, bogies and wheelsets, mechanically joined by spring and damper elements of primary and secondary suspension systems. 19 The complete arrangement of the vehicle is shown in Figure 1 . The ride quality and passenger comfort are greatly influenced by the secondary suspension system. 1 Three degrees of freedom are allocated to the car body and each bogie for vertical, roll and pitch motions. As a result, the model having nine degrees of freedom is represented in Table 1 .
Nonlinear elements in rail vehicle
Nonlinear elements are considered in the primary and secondary suspension systems. The nonlinear suspension system includes nonlinear spring's stiffness and damping which are related to elastic element (i.e. two-stage stiffness springs, rubber, stop blocks with clearance, etc.) and damping elements. The force-velocity and force-displacement characteristics of various suspension systems and dampers, i.e. primary vertical, secondary vertical, secondary lateral and secondary yaw damper are measured experimentally (1) to (6) . The parametric constants, a and b, are evaluated by minimising the expression with the experimental values extracted from the graph by using nonlinear least-square optimisation toolbox of MATLAB software.
Nonlinear spring stiffness. For the primary vertical spring in the vehicle, having compressive nature, the expressions of force-displacement characteristics is given in equation (1) .
Similarly, for forces in secondary vertical spring stiffness, it is given in equation (2) .
Nonlinear damping. As mentioned earlier, each bogie uses four primary and two secondary vertical dampers, one secondary lateral and two secondary yaw dampers. These are passive shock absorbers to damp out vibrations caused due to track irregularities and opposing forces depending on speed of the train. These dampers are nonlinear in nature. The damper forces are given in equations (3) to (6) .
For the primary vertical damper
For the secondary vertical damper
For the secondary lateral damper
For the secondary yaw damper
The values of parametric constants for a nonlinear element are given in Table 2 and definitions can be referred to Appendix 1.
Nonlinear equation of motion. The equations of motion (EoM) of nonlinear vibration systems can be represented by equation (7) M
where M is the matrix of masses and moments of inertia; F denotes force vector; x, _ x, € x, t represent displacement, velocity, acceleration, and time, respectively. The left side of equation (7) represents the inertia force, and the right-hand side represents the resultant of internal and external forces. It can also be denoted in the following form if the resultant forces are divided into two parts
where P represents the nonlinear internal force vectors and Q represents the external force vectors. The equations which govern the motion of the railway vehicle were derived by using Newton's laws of motion. The phraseology used in the formation of equations (9) to (17) are described in Appendix 2.
Car body dynamics. The EoM of the car body in vertical z c , pitch È c and roll c directions are
Front bogie dynamics. The EoM of the front bogie in vertical z f b , pitch f b and roll f b directions are
Rear bogie dynamics. The EoM of the rear bogie in vertical z r b , pitch r b and roll r b directions are
In equations (9) to (17), the subscripts with f signify the forces produced by primary and secondary suspensions and the description of these forces is given in Appendix 3. The MR damper forces in the suspension system are represented as F szf b r , F szf b l , F szr b r and F szr b l . In equations (9) to (17) , the subscript of f and F, i.e. 'p' or 's' is used at first place to represent the primary and secondary suspension, respectively. The directions of the damping and suspension forces are represented as 'x', 'y', or 'z' in the second place of the subscripts. The subscripts of the front bogie (f b ), rear bogie (r b ) and wheelsets (represented as 1, 2, 3 and 4 for the four wheelsets, respectively) are represented in the third place. Moreover, the last place of the subscript represents the side of the suspension system corresponding to the wheelsets, bogie and car body. The suspension forces located on the right side are represented as 'r' and for the left side via 'l'. For comparison, first the model with the passive system was analysed where the MR damper forces are zero and second, the model with MR damper was analysed keeping the secondary vertical passive damper forces to zero.
Track irregularity
The track irregularity considered for the analysis is periodic and expressed as in equation (18) 21
where the excitation in the vertical direction of the front wheelset of front bogie is shown by z 1l and z 1r in Figure 1 . The periodic irregularity of the track is represented by a scalar factor A, spatial frequency V and x. Here, (V ¼ 2p/L s , rad/m), x ¼ Vt, V is the vehicle speed (m/s), t is the time (s) of simulation and L s is the spatial length of the rail. The irregularity includes three harmonics. In this study, A ¼ 0.0254 (m) and L s ¼ 25 (m). In addition, the vertical excitations to other wheelsets, i.e. z 2r , z 3r and z 4r for right wheels, and z 2l , z 3l , z 4l for left wheels are delayed by time 1 , 2 , and 3 , respectively as given in equation (19) , where Table 3 shows the effect of speed on the input frequencies of the track irregularities. As the speed increases, the occurrence of periodicity (frequency) of irregularities from the track increases. This is the result of a shift towards high frequencies of the peaks. Nonetheless, each wheel of the rail vehicle is assumed to have similar track input.
Sperling's ride index
To assess the ride quality, the ride index W z is calculated from the relationship 22 given in equation (20)
Here, a stands for amplitude of car body acceleration (cm/s 2 ) and f (Hz) is excitation frequency. However, to evaluate the ride comfort, the following relation 22 is used as given in equation (21)
It includes the weighting factor F(f ), as defined in Table 4 .
This factor corrects the value of acceleration depending on the frequency in order to take into account the sensitivity of a human body to vibrations. The relations in Table 4 show the fact that the human sensitivity to vertical vibrations depends on the frequency.
It should be noted that relations (20) and (21) are valid only if the vibration is harmonic. In reality, vibration of vehicles is stochastic in nature and, hence, the following relation 23 is used.
where a(f ) is amplitude of the spectral component of the car body acceleration corresponding to the oscillation frequency f, and B(f ) is the weighting factor. The relation (22) is applied on the supposition that the spectrum of accelerations is a continuous function of frequency and the energy of vibrations is limited to the interval between 0.5 and 30 Hz. 23 However, the weighting factor B(f ) is calculated differently for ride quality and comfort as follows and given in Figure 4 (a) and (b). The ride evaluation scale for ride quality and ride comfort is given in Tables 5  and 6 , respectively.
For the ride quality Computation relation Applicability domain
For the ride comfort B f ð Þ ¼ 0:588
Magnetorheological (MR) damper

MR damper model
There are several mathematical models to characterise the behaviour of MR dampers. Some of the favoured models are viscoelastic-plastic model, Bouc-Wen model and Bingham model. 24, 25 The phenomenological model used for the description of characteristics of MR damper in this study is current-amplitudefrequency reliant Bouc-Wen model proposed by Dominguez et al. 24 and presented in Figure 5 .
Moreover, the governing equations for the MR model are expressed by equations (25) to (28) . The damper force F is calculated as
are constants and the frequency of excitation is represented by !. Now, using the current dependent shape parameters, the evolutionary variable may be rationalised to the following form in equations (26) and (27) . The first derivative of the evolutionary variable, i.e. _ z is defined by equation (28) z ;
;
Here, c 0 , k 0 , , and F z0 are the shape parameters on which the behaviour of MR depends. Moreover, constant parameters c 1 , c 2 , c 3 , c 4 ,
Fz 01 , Fz 02 , Fz 03 and Fz 04 relate the impressed current to the distinguishing shape parameters and ought to be described in a manner to distinguish the behaviour of MR dampers more appropriately. Critical current I c is defined when the distinguishing parameters change their behaviour 24 The values of constant parameters used for the study are given in Table 7 .
The selected MR damper model with constant parameters mentioned in Table 7 is effective for any preferred set of frequency, amplitude of excitation and current. 24 This is the distinct advantage of this model. Figure 6 (a) to (c) shows the hysteresis force versus time, displacement and velocity, respectively. These graphs were generated in MATLAB SIMULINK 26 by using the MR model for an amplitude of 6.35 mm, frequency of 10 Hz and varying current excitations of 0.25 A, 0.5 A, 0.75 A, 1 A and 1.5 A.
Semi-active railway suspension system
The bouncy and roll modes determine the magnitude of vertical vibrations in a rail vehicle. However, the bouncing motion in the vertical direction is coupled with the pitch motion. The bouncing motion of a vehicle causes large vibrations which result in reduced ride comfort. In order to reduce vertical vibrations, passive vertical dampers are provided in the 27 This causes substantial discomfort to the passengers which is undesirable. The semi-active suspension system is a potential solution to overcome vibrations and to maintain the performance of rail vehicle within desired comfort limits. For proper control strategy, the skyhook control algorithm is considered to indicate the effect of MR damper in the rail vehicle vibration control, where the relative velocity between the car body and bogies and the car body velocity are the state variables. 27 In this study, for the MR damper, the semi-active-low (Sa-L) mode is fixed to a comparatively low damping rate when a current of 0.25 A is applied. On attainment of vertical threshold velocity, the MR damper is fixed to a comparatively high damping rate with 1 A of applied current in the semiactive-high (Sa-H) mode. In the suspension system, MR dampers with very low or very high applied current are not preferred. Therefore, an MR damper with an applied current of 0.25 A and 1 A in Sa-L and Sa-H mode is chosen. The sky hook control algorithm for the control system is given in equation (29) 
The MR damper is subjected to an electric current when the relative velocity of centre of mass (CoM) between car body and bogie is in the same direction of the velocity of car body CoM, otherwise no damping force is required. The semi-active damping force should be minimised without any electric current because it is impossible to provide a zero force for a MR damper. For illustration, an electric current 0.25 A is chosen as the current applied to MR damper. The simulation is carried out using MATLAB SIMULINK. 26 The absolute values of vertical velocities of the centre of mass (CoM) of car body above the front and rear bogies will be calculated separately. Subsequently, damping forces of the MR dampers in the front and rear bogies will be regulated independently by application of the above control algorithm. The MR damper characteristics depend on current, frequency and amplitude excitations. Four different types of secondary suspension systems are contemplated and compared in this study. These are (a) passive (P) systems -secondary suspension system are employed with passive dampers, (b) Sa-L and (c) Sa-H in which traditional passive dampers in the secondary suspension system are substituted by uncontrolled MR dampers with constant applied current of 0.25 A with low damping and 1 A with high damping respectively, and (d) semi-active controlled (Sa-C) as a replacement to contemporary passive dampers, placed vertically in the secondary suspension system between the bogie and the car body of the railway vehicle. Moreover, a percentage reduction index (P R I) 15 is considered to determine the performance of the semi-active suspension strategies, i.e. Sa-L, Sa-H and Sa-C, in vibration reduction over the passive suspension system. The P R I is calculated by using the following formula given in equation (30)
The above formula has been used to provide a quantitative comparison between the various suspension strategies both in terms of reduction of the rms amplitude (acceleration and displacement) of the car body response and the improvement in the ride indices.
Numerical-experimental comparison
The numerical model is validated through the oscillation trail conducted by RDSO on real condition. In particular, the ride comfort for passengers of the proposed numerical passive model is compared with the experimental results obtained by RDSO. 28 The oscillation trials are on-track tests carried out with prototype coaches equipped and instrumented for recording acceleration, displacement, speed and events. The rolling stock is run on a nominated section of IR track at maximum speeds of 10% higher than operating speeds. The oscillation trials were done on a maintained track 28 at speeds ranging from 110 km/h to 180 km/h, respectively. The maximum vertical and lateral ride index in the empty and loaded conditions during oscillation trials were found. The ride index was calculated with ORE C 116 method and RDSO method. The value of ride index as per ORE C 116 was less than 2.75 and 3.25 (preferable) or 3.50 maximum as per RDSO criteria. 29 The riding behaviour of the same was found satisfactory; however, the ride index values need to be improved. Numerical simulation is performed using both the methods by considering the RDSO test track condition for empty and loaded vehicle. The Figure 7 (a) and (b) shows the comparison between the experimental and numerical ride index under empty and fully loaded conditions, respectively. Moreover, it can be seen that the results obtained from the numerical analysis of the proposed model have reached a good overall agreement with the experimentally measured results. The variation in the ride index is mainly due the elements not considered to reduce the complexity of the mathematical model.
Results and discussion
The values of parameters of the railway vehicle used for simulation studies are given in Appendix 2. The results of the numerical simulations are used to evaluate the ride quality and ride comfort on the basis of the ride index W z for different conditions of train running speed and suspension characteristics. Figures 8(a) to (e) and 9(a) to (e) exhibit acceleration and displacement response corresponding to various suspension systems at different speeds, respectively. However, Figure 10 (a) to (e) shows the PSD of acceleration responses.
Comparison of suspension strategies in time domain
The acceleration response at the CoM of the car body is shown in Figure 8 . It is clear from the responses that the semi-active suspension systems give smaller acceleration amplitude than that of the passive suspension system. The similar behaviour is exhibited from the displacement response shown is Figure 9 .
The RMS values of acceleration and displacement at the CoM of the car body as well as P R I are shown in Tables 8 and 9 , respectively, pertaining to different suspension strategies under different vehicle speed. It can be stated from the results that there is a reduction in the RMS values of the acceleration as well as displacement after using a semi-active suspension system. As shown in Table 8 , the semi-active suspension strategies have better acceleration attenuation ability than the passive suspension system in all the cases. It can be observed that P R I has an improvement of about 2.8-7.6% for Sa-L, 6.8-11.4% for Sa-H and 9-15.3% for Sa-C. Likewise, for RMS displacement (Table 9) , semi-active suspension strategies show improved P R I. For example, it shows improvement of about 12.5-25.8% for Sa-L, 16.9-31.3% for Sa-H and 22.3-38.3% for Sa-C. Therefore, the semi-active controlled suspension system is far more superior in performance as compared to the performances of other suspension systems, i.e. passive and semiactive high and semi-active low suspension strategies.
Comparison of suspension strategies in frequency domain
The semi-active controlled suspension system has improved performance in reducing vibrations for Table 10 . Ride quality index and P R I at different suspension strategies.
Ride quality P R I (Ride quality) Table 11 . Ride comfort index and P R I at different suspension strategies.
Ride comfort P R I (Ride comfort) acceleration at the centre of car body as compared to the passive suspension systems for the entire frequency range as shown in Figure 10 (a) to (e). Moreover, it can be noticed that the FFT of the response exhibits forcing frequencies as well as some additional frequencies excited as a result of input. Thus, the conclusion automatically follows from the above analysis that the semi-active control provides better improvement in all strategies. Further, it is evident from Tables 8 and 9 that the semi-active suspension system provides a smaller amplitude of displacements and acceleration under all conditions at each speed considered for the analysis.
Comparison of ride indices
The comparative performances of Sperling ride index, i.e. ride quality and comfort as well as P R I between the suspension strategies at different speeds are given in Tables 10 and 11 , respectively. It can be seen from these tables that there is an improvement in the performance in terms of ride index after the implementation of a semi-active suspension strategy. As shown in Table 10 , the semi-active suspension strategies have better ride quality than the passive suspension system in all the cases. It can be observed that the ride quality has an improvement of about 2.9-8.1% for Sa-L, 4.9-10.9% for Sa-H and 6.7-12.6% for Sa-C. Likewise, for ride comfort of passengers (Table 11) , semi-active suspension strategies show beneficially improvement in terms of P R I. For example, it shows an improvement of about 4.8-14.703% for Sa-L, 9.1-17.1% for Sa-H and 12.7-26.2% for Sa-C. Therefore, the semi-active controlled suspension system is far more superior in performance as compared to the other suspension strategies.
Conclusions
The study was aimed to evaluate the effect of introducing a semi-active suspension system on ride quality and ride comfort of a running rail vehicle in comparison to an existing passive suspension system. The equations of vertical, pitch and roll motions of the carbody and bogies with passive suspension system are developed for the rail vehicle and results in terms of ride comfort are validated with the experimental results obtained by RDSO. The same model was developed for the semi-active suspension system with MR dampers and the performance indices were evaluated at different running speeds, i.e. 50 km/h, 100 km/h, 150 km/h, 200 km/h and 250 km/h by application of numerical simulation in MATLAB SIMULINK environment. The results pointed out the influence of the velocity and suspension parameters on the vertical dynamics of the vehicle. The semi-active damper with controller gave the better vibration reduction of the vehicle in terms of RMS acceleration and displacement of the car body. Moreover, in terms of the effect on the ride quality and ride comfort, the secondary semi-active system improved the performance significantly for all the speeds considered.
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